Rotationally resolved pulsed-field-ionization zero-kinetic-energy photoelectron spectra of the X →X ϩ transition in ethylene and ethylene-d4 have been recorded at a resolution of 0.09 cm Ϫ1 . The spectra provide new information on the large amplitude torsional motion in the cationic ground state. An effective one-dimensional torsional potential was determined from the experimental data. Both C 2 H 4 ϩ and C 2 D 4 ϩ exhibit a twisted geometry, and the lowest two levels of the torsional potential form a tunneling pair with a tunneling splitting of 83.7 (5) 
Rotationally resolved pulsed-field-ionization zero-kinetic-energy photoelectron spectra of the X →X ϩ transition in ethylene and ethylene-d4 have been recorded at a resolution of 0.09 cm Ϫ1 . The spectra provide new information on the large amplitude torsional motion in the cationic ground state. An effective one-dimensional torsional potential was determined from the experimental data. Both C 2 H 4 ϩ and C 2 D 4 ϩ exhibit a twisted geometry, and the lowest two levels of the torsional potential form a tunneling pair with a tunneling splitting of 83.7(5) cm Ϫ1 in C 2 H 4 ϩ and of 37.1(5) cm Ϫ1 in C 2 D 4 ϩ . A model was developed to quantitatively analyze the rotational structure of the photoelectron spectra by generalizing the model of Buckingham, Orr, and Sichel ͓Philos. Trans. R. Soc. London, Ser. A 268, 147 ͑1970͔͒ to treat asymmetric top molecules. The quantitative analysis of the rotational intensity distributions of allowed as well as forbidden vibrational bands enabled the identification of strong vibronic mixing between the X ϩ and Ã ϩ states mediated by the torsional mode 4 and a weaker mixing between the X ϩ and B ϩ states mediated by the symmetric CH 2 out-of-plane bending mode 7 . The vibrational intensities could be accounted for quantitatively using a Herzberg-Teller-type model for vibronic intensity borrowing. The adiabatic ionization energies of C 2 H 4 and C 2 D 4 were determined to be 84 790.42 (23) 
I. INTRODUCTION
CvC double bonds represent key elements that define structural and dynamical properties of larger polyatomic molecules. The role of the electron density on their function as structural elements is of fundamental interest in chemistry. Photoelectron spectroscopy offers the means to selectively modify the electron density in a CvC double bond and observe the structural and dynamical consequences, as is illustrated here in a benchmark study of the photoionization dynamics of ethylene.
Ethylene C 2 H 4 is an important molecule in the theory of chemical bonding and in chemistry in general because it is the simplest molecular system that exhibits a double bond. Within the framework of molecular orbital theory, the double bond character of the CvC bond of ethylene is explained by its highest occupied molecular orbital, the well-known -type molecular orbital, whose rigidity with respect to twisting about the C-C axis is also responsible for the planar geometry of ethylene in its electronic ground state. Ethylene thus represents a prototype system to study the electronic structure of molecules with double bonds ͑see, e.g., Refs. 1-3, and references cited therein͒ and to study by photoelectron spectroscopy the effects of the removal of an electron out of the bonding -type orbital on the molecular geometry, the dynamics and the energy level structure.
Already very early semiempirical electronic structure calculations predicted a twisted equilibrium geometry for the ethylene radical cation in its electronic ground state, 4 ,5 a finding that was rationalized by invoking the effects of hyperconjugation. 5, 6 This prediction was corroborated by the recording of the spectrum of the first Rydberg state of ethylene ͑the R state͒ in the vacuum ultraviolet by Merer and Schoonveld. 7 The spectrum was interpreted in terms of an ionic core undergoing a large amplitude motion between twisted structures with torsional angles of Ϯ25°through a potential barrier of 290 cm Ϫ1 at the planar geometry. The advent of photoelectron spectroscopy in the 1960s enabled a direct investigation of the cation, and since the early work of Turner and co-workers 8 numerous classical photoelectron spectroscopic studies of C 2 H 4 and its fully deuterated isotopomer C 2 D 4 have been reported. [9] [10] [11] [12] [13] [14] [15] [16] [17] Striking aspects of the high-resolution photoelectron spectra are first, the observation of an extended progression in the torsional mode of C 2 H 4 ϩ which provides evidence for the twisted geometry of the ethylene cation and second, the observation of a forbidden transition to cationic states of C 2 H 4 ϩ and C 2 D 4 ϩ with three quanta (v 4 ϭ3) in this mode. Although this weak ͑and forbidden͒ band was unambiguously observed in three studies, [15] [16] [17] the reasons for its observation have not been discussed.
The torsional motion in the electronic ground state was modelled by Pollard et al. 15 in terms of a double-minimum potential with a twisting angle of 27Ϯ2°and a torsional barrier at the planar geometry of 270Ϯ150 cm Ϫ1 . A subsequent re-evaluation of these results by Chau 18 yielded a twisting angle of 28Ϯ1°and a barrier of 280Ϯ60 cm Ϫ1 .
However, these two studies differ as to whether the lowest vibrational state is located below or above the barrier ͑com-pare Fig. 4 of Ref. 15 with Table 2 of Ref. 18͒ . This issue could have been resolved from an observation of the first excited torsional level (v 4 ϭ1). Unfortunately, this level has not been observed experimentally so far either because of insufficient resolution or sensitivity. An alternative experimental estimate for the twisting angle in the cationic electronic ground state was performed in an electron paramagnetic resonance ͑EPR͒ spectroscopic study 19 which led to a value between 8 and 23 degrees based on a comparison between the experimentally determined proton hyperfine coupling constant and its prediction by a semiempirical calculation.
From the results of the photoelectron spectroscopic studies it was soon realized that nonadiabatic couplings between the electronic states of the ethylene radical cation are pervasive. Theoretical investigations of these interactions [20] [21] [22] [23] [24] showed that nonadiabatic effects must be included in the interpretation of the second photoelectron band, corresponding to the Ã ϩ state which is connected to the X ϩ state by a conical intersection. 21, 22 Similarly, the B ϩ and C ϩ states exhibit a conical intersection. 24 The C ϩ state converts adiabatically into the X ϩ state by a twisting of the molecule, and fast radiationless decay has been observed in the photoelectron bands corresponding to these states. 15 Köppel et al. 20, 22 showed that the deviation from planarity in the X ϩ state is caused by vibronic coupling with the Ã ϩ state. By comparison of model calculations with the classical photoelectron spectra, it was suggested in the same studies that the effect of vibronic coupling on the intensity distribution of the first photoelectron band is small and that the band can be adequately described within the framework of the FranckCondon approximation.
Several ab initio studies on the ground state of C 2 H 4 ϩ have also been reported. Whereas early Hartree-Fock calculations yielded a planar equilibrium geometry for the cationic ground state, 25, 26 more sophisticated methods that take into account electron correlation all predict a D 2 equilibrium geometry. 20, 24, [27] [28] [29] [30] [31] [32] Still, the results for the twisting angle and the height of the torsional barrier at the planar geometry vary widely depending on the method and basis set used, and the challenges in accurately calculating the equilibrium geometry have been discussed in Refs. 27 and 32. In the most recent investigation, a twisting angle of 21.0°and a barrier at the planar geometry of 116 cm Ϫ1 were determined, and the positions of the first torsional levels were computed. 32 This ab initio study, however, did not include the zero-point vibrational motion.
Although the twisted geometry of the cationic ground state is now well established, there is still a considerable degree of disagreement concerning the twisting angle, the shape of the torsional potential in the electronic ground state and whether large-amplitude motion via tunneling takes place or not. The desires to achieve a more precise characterization of this important molecular cation, to investigate the dynamics associated with ionization from a double bond, and to apply the methods of very high resolution photoelectron spectroscopy recently developed in our laboratory 33, 34 to larger polyatomic molecules incited us to start a pulsed-fieldionization zero-kinetic-energy ͑PFI-ZEKE͒ photoelectron spectroscopic study of the X →X ϩ photoelectronic transition of C 2 H 4 and C 2 D 4 . The resolution of better than 0.1 cm
Ϫ1
achieved in the present study is two to three orders of magnitude higher than in the previous photoelectron spectroscopic investigations and enabled a more accurate determination of the geometry and torsional potential, a detailed investigation of rotationally resolved photoionization dynamics and a re-evaluation of the question of vibronic coupling in the first photoelectron band of ethylene.
II. EXPERIMENT
The PFI-ZEKE photoelectron spectrometers used in this work have been described in detail previously 35, 36 and only aspects relevant to the present study are summarized here. Tunable vacuum ultraviolet ͑VUV͒ radiation was generated by resonance-enhanced difference-frequency mixing ( VUV ϭ2 1 Ϫ 2 ) in a krypton gas beam using the (4p) 5 ( 2 P 1/2 ) 5pЈ ͓1/2͔ (Jϭ0)←(4p) 6 1 S 0 two-photon resonance at 2 1 ϭ98 855.071 cm Ϫ1 . Mixtures of 10% ethylene ͑Pangas, purity 99.95%͒ and ethylene-d4 ͑Cambridge Isotope Laboratories, isotopic purity 98%͒ in argon were introduced into the measurement chamber in a pulsed supersonic expansion in vacuum from a nozzle stagnation pressure of 3.0 bar which resulted in a rotational temperature T rot Ϸ8 K. The supersonic molecular beam crossed the VUV laser beam behind a skimmer in the photoionization region of the spectrometer where the charged particles were produced either by photo-or pulsedfield ionization and accelerated towards a microchannel plates detector by a pulsed electric field.
PFI-ZEKE photoelectron spectra were recorded by exciting ethylene with a single VUV photon from rotational levels of the ground vibronic state to very high Rydberg states located immediately below the ionization thresholds and monitoring the wave number dependent electron signal produced by pulsed-field ionization. 37 Overview spectra of the X ϩ 2 B 3u ground electronic state of C 2 H 4 ϩ and C 2 D 4 ϩ were recorded at moderate resolution (0.7 cm Ϫ1 ) and provide information on the vibrational structure up to 2000 cm Ϫ1 above the ground vibrational state of the cations. In these experiments, the VUV radiation was generated using the output of two pulsed dye lasers ͑Lambda Physik Scanmate 2͒. The fixed-frequency laser in the difference-frequency mixing process ( 1 ) was operated with an intracavity étalon. High Rydberg states were field-ionized using a two-pulse electric field sequence with amplitudes of ϩ275 mV/cm and Ϫ415 mV/cm, respectively. The two lowest vibronic bands of C 2 H 4 ϩ were measured using our narrow-bandwidth (0.008 cm Ϫ1 ) near Fourier-transform limited VUV laser 36 and the procedure for recording high-resolution PFI-ZEKE photoelectron spectra outlined in Ref. 33 . To achieve maximal selectivity in the pulsed-field ionization of high Rydberg states, a multipulse electric field sequence was employed consisting of successive pulses with amplitudes of ϩ140, Ϫ85, Ϫ130, Ϫ175, and Ϫ220 mV/cm. The field-ionization yield was recorded by setting detection windows in the electron time-of-flight spectrum after each field pulse of negative polarity. The spectrum with the best resolution was obtained by collecting the electron signal in the second window. The linewidth of the narrowest lines amounted to ⌫ FWHM ϭ0.09 cm Ϫ1 . The wave number calibration of the overview spectra was achieved by simultaneously recording optogalvanic spectra of neon and making reference to tabulated transition wave numbers. 38 In the high-resolution measurements, the VUV wave number was calibrated with an accuracy of better than 0.015 cm Ϫ1 using the procedure described in Ref. 39 .
III. ELECTRONIC STRUCTURE AND MOLECULAR SYMMETRY
Ethylene in its vibronic ground state is a planar nearprolate asymmetric top of D 2h point group symmetry. The a-inertial axis coincides with the CvC-bond, the b-axis lies in the molecular plane and the c-axis perpendicular to it. Following common practice, 6 the a, b, and c axes are identified with the z, y, and x axes, respectively.
The most important molecular orbitals are displayed schematically in Fig. 1 which also qualitatively depicts their dependence on the torsional angle. The highest occupied molecular orbital ͑HOMO͒ is the 1b 3u -type orbital that is responsible for the double bond character of the CvC bond. Ionization from this orbital gives rise to the X ϩ 2 B 3u ( 2 B 3 in D 2 ) ground electronic state of the ethylene radical cation. If the two CH 2 moieties of the molecule are twisted against each other by a torsional angle , the molecular point group symmetry is lowered to D 2 until the torsional angle reaches 90°at which point the CH 2 moieties lie perpendicular to each other and the molecule assumes a configuration of D 2d point group symmetry. With increasing torsional angle the energy of the 1b 3u orbital is raised, whereas the energy of the 1b 2g orbital ͑the lowest unoccupied molecular orbital, LUMO͒ is lowered. These orbitals form a degenerate pair of orbitals of e symmetry at the perpendicular configuration. The same holds true for the 1b 2u and 1b 3g orbitals which also become degenerate at a twisting angle of 90°.
In the electronic ground state of neutral ethylene, the perpendicular geometry corresponds to a saddle point on the potential energy surface, giving rise to a large torsional barrier of about 21 000 cm Ϫ1 . 40 In the cation, the E state which is the ground state at the perpendicular geometry is unstable with respect to Jahn-Teller distortion along the torsional coordinate. 6, 7, 24 Upon twisting, orbitals of the same symmetry (b 3 or b 2 in D 2 ) mix. This effect is especially pronounced for the b 3 orbitals which lie close in energy. The mixing of these orbitals results in a net stabilization at slightly twisted geometries and leads to the occurrence of a double-minimum potential along the torsional coordinate in the cationic ground state. 6, 22 Depending on the depth of these minima, the molecular symmetry ͑MS͒ group is D 2h (M ) if the energy splittings resulting from the tunneling motion are observable at the resolution of the experiment or D 2 (M ) if it is not. 41 The effects of tunneling through the large barrier at the perpendicular geometry, the height of which was estimated to be between 10 000 and 12 000 cm Ϫ1 , 15, 24, 32 are not expected to be observable at the experimental resolution achieved in the present study. Hence, we restrict our discussion to the large-amplitude tunneling motion through the potential barrier at the planar geometry within the D 2h (M ) and D 2 (M ) MS groups. 
IV. THEORY

A. Photoionization selection rules
When applied to photoionization transitions from rotational levels of the vibronic ground state of neutral ethylene ͑vibronic symmetry ⌫ ve Љ ϭA g ) to selected rovibrational levels of the X ϩ 2 B 3u ground electronic state of the cation, the general rovibrational symmetry selection rule for photoionization transitions 42 ⌫ rve
͑1͒
can be expressed as
In Eq. ͑1͒, ⌫ rve ϩ and ⌫ rve Љ represent the rovibronic symmetries of the ionic and neutral states, respectively, ⌫ e Ϫ is the symmetry of the photoelectron and ⌫* is the dipole moment representation of the molecular symmetry group. 41 The symmetry ⌫ e Ϫ is either A g or A u , depending on whether the orbital angular momentum quantum number ᐉ of the photoelectron is even or odd. The rotational symmetries ⌫ r ϩ and Transitions to vibrational states with symmetries ⌫ v ϩ differing only in their g/u symmetry exhibit the same rotational selection rules, but these require that the photoelectron be ejected as a partial wave of different g/u symmetry. Moreover, the rotational structures of the photoelectron bands are strongly dependent on the symmetry of the cationic vibrational state: When ⌫ v ϩ ϭB 2g , B 2u , B 3g , and B 3u , observation of sharp Q-type branches can be expected because transitions with ⌬K a ϭ0 are allowed and the rotational A constant is much larger than the B and C constants, giving rise to a concentration of many lines in a relatively small wave number interval. In contrast, bands of vibrational symmetry ⌫ v ϩ ϭA g , A u , B 1g , and B 1u can be expected to show a broad rotational structure because ͉⌬K a ͉Ͼ0.
B. Simulation of rotational transition intensities
To gain insight into the rotational fine structure of the observed vibronic bands, the model developed by Buckingham, Orr, and Sichel 43 for the calculation of rotationally resolved photoionization cross sections for diatomic molecules was extended to the treatment of asymmetric tops. A similar model has also been reported by McKoy and co-workers ͑see Ref. 44 , and references cited therein͒. In the present study, however, we aim at deriving expressions for relative rotational line intensities in photoelectron spectra that are easy to implement numerically and do not require elaborate electronic structure calculations, but nevertheless provide insights into the dominant features of the photoionization dynamics.
In Ref. 43 , the total photoionization cross section between two rovibronic states of a diatomic molecule that are treated within the orbital approximation and in the limit of Hund's angular momentum coupling case ͑b͒ is given as
where q v 2 represents the Franck-Condon factor and ᐉЉ and Љ are the quantum numbers of an orbital angular momentum component and its projection along the molecular axis in a single-center expansion of the molecular orbital ␣ Љ , Љ from which ionization occurs: incorporates the dependence of the photoionization cross section on the angular ͑especially the rotational͒ coordinates.
The extension of this model to asymmetric tops relies on the following approximations:
͑1͒ The effects of the electron spin are neglected. This assumption is perfectly valid for singlet electronic states. For doublet electronic states, the approximation is justified as long as the fine structure induced by the electron spin cannot be resolved experimentally. In asymmetric tops, the electron spin usually manifests itself by a spin- rotation coupling that is generally small in larger polyatomic molecules. 45 In the present study, spin-rotation splittings could not be resolved in the spectra. ͑2͒ The quantum number of the total angular momentum without spin N is identified with the rotational angular momentum. ͑3͒ As in Ref. 43 , the electronic wave function is represented by a single Slater determinant and the photoelectron is assumed to be ejected from a definite molecular orbital. Moreover, it is assumed that ionization occurs vertically and that the molecular orbital structure does not change upon the removal of an electron. This treatment entails the neglect of electron correlation, i.e., of configuration interaction. However, it will be demonstrated in Sec. V B that the present formalism can also be applied to the case where several configurations contribute to the electronic state under consideration provided that one of these dominantly accounts for the intensity of a given vibronic band. This is typically the case when a band gains intensity by vibronic coupling ͑see Sec. V B͒.
The advantage of using the orbital approximation isbesides a considerable simplification of the calculation-that it provides a simple and appealing physical picture for the angular momentum change of the molecular core upon ionization and captures the dominant aspects of the photoionization dynamics: the angular momentum transferred between the initial (NЉ) and final (N ϩ ) states can be identified with the electronic orbital angular momentum ഞЉ of the orbital out of which ionization occurs, i.e., the electronic angular momentum ''hole'' left behind in the molecule after ejection of the photoelectron ͑see also the discussion in Ref. 46͒. Physical intuition and a qualitative picture of the molecular orbitals of the neutral state can often be used to identify the dominant contributions to the sum of Eq. ͑4͒.
In the extension of Eq. ͑3͒ to treat asymmetric top molecules, the molecular wave function of a diatomic molecule ͉␣N⌳M N ͘ ͑here, the spin quantum numbers are disregarded͒ which is a special case of a symmetric top wave function 41 
where K represents the projection of the rotational angular momentum on the symmetric top axis and c K N,K a ,K c are expansion coefficients. For ethylene which is a near-prolate symmetric top, this axis is conveniently identified with the a-axis. This substitution leads to a new expression of the Q(ᐉЉ)-factor:
In the 3 j-symbol of Eq. ͑6͒, NЉ (N ϩ ) and KЉ (K ϩ ) stand for the quantum numbers associated with the total angular momentum without spin and its projection on the molecular axis of the neutral ͑ionic͒ states. Moreover, the factor q v 2 ͓see Eq. ͑3͔͒ now contains the dependence on all vibrational variables and, in a first approximation, q v 2 can be expressed as a product of Franck-Condon factors. The other terms in Eq. ͑3͒ remain formally unchanged, and the total photoionization cross section thus becomes
͑7͒
In Eq. ͑7͒, an additional weighting with the population of the rotational state of the neutral species
is introduced that is proportional to the spin statistical weight Љ and the magnetic degeneracy factor (2NЉϩ1). The rotational energy E rot Љ in the Boltzmann factor of Eq. ͑8͒ is measured relative to the state of lowest energy having the same nuclear spin symmetry. For ethylene in its vibronic ground state, the nuclear spin statistical weight is Љϭ7 for states with K a ЉK c Љϭee and Љϭ3 otherwise. 41 In the analysis of experimental spectra, Eq. ͑7͒ can be used in several ways. If relative rotational line intensities within a given vibronic band are of interest, the factor q v 2 can be treated as a scaling factor and the parameters
can be fitted to the experimental spectrum. Alternatively, if estimates for the coefficients C ␣ Љ ᐉ Љ are available, the factors
͉ 2 can be treated as adjustable parameters within the model. In this way, Eq. ͑7͒ provides a quantitative model for relative rotational transition intensities that is easy to implement numerically without the need of any vibronic structure calculations, and this approach will be followed in Sec. V C. Alternatively, relative vibrational intensities can be determined and are proportional to the vibrational factors q v 2 because the outer sum on the right hand side of Eq. ͑7͒ can be treated as a common scaling factor. Equation ͑7͒ will be used in this way in Sec. V D to analyze the intensity distribution of the vibrational progression in the torsional mode. Finally, when combined with a theoretical calculation of the radial transition integrals F nᐉ Љ E,ᐉЉϮ1 and the vibrational factors q v 2 , Eq. ͑7͒ can be used for a full ab initio prediction of relative rovibronic line intensities in the photoelectron spectra of asymmetric tops. 
V. RESULTS AND DISCUSSION
yield, and the lower traces correspond to the PFI-ZEKE photoelectron spectra. The PI spectra display a sharp rise from a signal level of zero over the first band of the PFI-ZEKE spectra which indicates that the first bands in Figs. 2 and 3 correspond to the vibrationless origin bands 0 0 . The assignments of the remaining vibrational bands were established after identification of the vibrational symmetry of the upper state by its rotational structure using the rotational photoionization selection rules in Table I and model calculations of the relative rotational transition intensities as outlined in Sec. V C. These assignments are supported by comparison with previous experimental studies [13] [14] [15] [16] [17] and recent ab initio results 32 on the cation as well as with the fundamental wave numbers of neutral ethylene. 47 Upon photoionization from the 1b 3u molecular orbital, the CvC bond length increases from 1.34 to 1.40 Å ͑Ref. 32͒ and the molecule is twisted away from the planar geometry of the neutral ground state. Vibrational progressions in the CvC stretching and torsional coordinates are thus expected to be dominant in the photoelectron spectrum. This is indeed observed and the main contributions to the spectrum correspond to totally symmetric excitations in the 4 torsional, 3 CH 2 bending, and 2 CvC stretching vibrations.
The low wave number region of both spectra shows several bands of irregular spacing and intensity that were already partially resolved in previous photoelectron spectroscopic studies [13] [14] [15] [16] [17] and assigned to a progression in the torsional mode 4 In Fig. 2 , the totally symmetric vibrational bands at 86 047 and 86 276 cm Ϫ1 are assigned to the fundamental bands of the symmetric CH 2 bending ( 3 ) and CvC stretch- The spectrum of C 2 D 4 ϩ in Fig. 3 Tables II and III which also list the origins of the bands determined from the analysis of the rotational structure as discussed in Sec. V C.
B. Vibronic coupling
The overview spectra shown in Figs. 2 and 3 reveal several bands with nontotally symmetric upper state vibrational symmetry. Assuming in a first approximation that the vi- bronic transition moment is only weakly dependent on the nuclear coordinates, it can be factored into a vibrational and an electronic part: 
. ͑12͒
For transitions between totally symmetric vibrational states, only the first term on the right-hand side of Eq. ͑12͒ is nonvanishing. Within our model for the photoionization transition intensities, the contribution of the torsional mode to the vibrational factor q v 2 in Eq. ͑7͒ thus corresponds to the Љ ͘ for these bands, and the electronic factor contains the zero-order wave function of the Ã ϩ state. In this way, the electronic transition moments can be evaluated using the orbital approximation because only one of the configurations of Eq. ͑11͒ dominantly contributes to the intensities, namely the (X ϩ ) and (Ã ϩ ) configurations for the bands with an even and odd number of torsional quanta, respectively. Equation ͑12͒ expresses the fact that the vibronic coupling that leads to a twisted equilibrium geometry in the electronic ground state by configuration interaction also gives rise to the observation of bands with an odd number of torsional quanta in the ionic state.
A calculation of the relative intensities of the successive torsional bands based on the evaluation of the vibrational factors in Eq. ͑12͒ and a one-dimensional torsional potential gives good agreement with the experimental results as will be demonstrated in Sec. V D ͑see also Figs. 2 and 3͒.
A similar mechanism of intensity borrowing accounts for the observation of the 7 1 band. In this case, the upper state vibronic symmetry ⌫ ev ϩ is B 3u B 3u ϭA g which enables coupling to the B ϩ 2 A g electronic state. This state arises by ionization from the 3a g molecular orbital. However, the vibronic coupling can be expected to be less efficient than for the odd torsional bands, because the energy separation between the X ϩ and the B ϩ state is considerably larger than the one between the X ϩ and the Ã ϩ state. 15 This is reflected by the low intensity of the 7 1 band in both isotopomers. Thus, the conclusion drawn by Köppel et al. 20, 22 that vibronic couplings are small in the first photoelectron band and that the intensity distribution is well described by the Franck-Condon principle has to be refined in the sense that intensity borrowing effects contribute only little to the total intensity of the band but give rise to the appearance of the bands with an odd number of torsional quanta and the 7 1 band.
C. Rotational structure
The upper traces of Figs. 4͑a͒ and 4͑b͒ show highresolution PFI-ZEKE photoelectron spectra of the 0 0 and 4 1 bands of C 2 H 4 ϩ , respectively. The linewidth of the narrowest lines amounts to 0.09 cm Ϫ1 , which constitutes the best resolution achieved to date by PFI-ZEKE photoelectron spectroscopy of a polyatomic molecule, and is only slightly larger than the linewidth of 0.06 cm Ϫ1 obtained in the PFI-ZEKE photoelectron spectra of Ar and N 2 . 33 At this resolution, the rotational structure could be fully resolved. A slight broadening of several rotational lines is attributed to an unresolved spin-rotational splitting. The assignment bars in Fig. 4 denote the dominant rotational transitions using the notation
. The rotational line positions were analyzed using rigid rotor rotational Hamiltonians for both the neutral and ionic states
where AЉ, BЉ, CЉ (A ϩ ,B ϩ ,C ϩ ) denote the rotational constants of the neutral ͑ionic͒ state. When refining the molecular constants, the rotational constants of the ethylene ground state were held fixed at the values reported in Ref. 48 and only the ionization energy ͑corresponding to the 0 00 →0 00 transition͒ and the ionic rotational constants were fitted. Inclusion of centrifugal distortion terms in the rotational Hamiltonian did not yield a significant improvement of the fit, indicating that centrifugal distortion effects can be neglected at the accuracy of the measurements and the low degree of rotational excitation of the states involved in the observed transitions ͑see Fig. 4͒ . The results of the fit for the 0 0 band of C 2 H 4 ϩ are listed in Table IV Table IV . In this fit, the lower state rotational constants were held fixed at the values reported in Ref. 51 . The fits also yielded precise values for the adiabatic ionization energies of C 2 H 4 and C 2 D 4 , which, after correction for the field-induced lowering of the ionization thresholds, were determined to be 84 790.42(23) and 84 913.3 (14) cm Ϫ1 , respectively. The lower traces in Figs. 4͑a͒ and 4͑b͒ show a simulation of the rotational structure using the constants derived from the fits, the model for the rotational transition intensities described in Sec. IV B and the selection rules of Table I . A rotational temperature T rot ϭ8 K was assumed in the simulations. By inspection of Fig. 1 , it can be seen that the 1b 3u molecular orbital correlates with a 2p x orbital in a semiunited atom basis. Thus, the main angular momentum contribution (ᐉЉ,Љ) in a single center expansion of this orbital is ͑1, Ϯ1). The simulation of the rotational structure of the 0 0 band in Fig. 4͑a͒ using Eq. ͑7͒ only takes into account this leading component. The agreement between the experimental and calculated spectra indicates that this approximation is adequate and that the photoelectron must represent a superposition of s and d partial waves.
As discussed in the previous subsection, the odd v 4 ϩ torsional bands with ⌫ v ϩ ϭA u gain their intensity by intensity borrowing from the Ã ϩ state which arises by ionization from the 1b 3g molecular orbital. The 1b 3g orbital correlates with a 3d y orbital in a semi-united atom basis. The simulation in Fig. 4͑b͒ only takes into account contributions from this main angular momentum component (ᐉЉ, Љ)ϭ(2,Ϯ1).
The overall agreement between experimental and simulated rotational structures is very good for both bands. Only on the high-wave-number side can several weak lines be found in the experimental spectrum that are not accounted for by the simulation, e.g., the 1 11 →4 23 transition of the 0 0 band or the 2 02 →6 16 transition of the 4 1 band. These small contributions to the spectrum can be explained by higher angular momentum components in the single-center expansions of the respective orbitals.
Within our model for the rotational transition intensities, the marked differences between the rotational structures of , where NЉ, K a Љ ,
ϩ denote the asymmetric top quantum numbers in the neutral and ionic state, respectively. The intensity of the line marked with an asterisk is enhanced by a rovibrational channel interaction. In each panel, the upper and lower traces represent experimental and simulated spectra, respectively, whereby the rotational line intensities were calculated using the model for the rotational line intensities outlined in Secs. IV B and V C. The difference in the rotational structure of the 0 0 and 4 1 bands is caused by different ionization mechanisms for the two bands ͑see text for details͒. the 0 0 and 4 1 bands can be rationalized by the different angular momentum transfer ᐉЉ ͑which corresponds to the electronic angular momentum ''hole'' left behind in the molecular core after photoionization͒ which leads to different values of the 3 j-symbol in Eq. ͑7͒ for ᐉЉϭ1 (0 0 band͒ and ᐉЉϭ2 (4 1 band͒. This difference manifests itself in the fact that the spectrum of the 0 0 band is dominated by transitions with ͉⌬N͉ϭ0,1 whereas transitions with ͉⌬N͉ϭ0,2 account for the most intense lines in the spectrum of the 4 1 band. Thus, the different rotational structures of the bands are caused by a propensity rule which originates from the different angular momentum character of the orbitals from which the photoelectron is ejected. In other words, the vibronic coupling by which the odd torsional bands gain intensity is also ''echoed'' in their rotational structure, which, in turn, can serve as a means to identify the electronic state to which coupling occurs. The orbital approximation indeed implies that the rotational structure of the 4 1 band should be identical to that of the 0 0 band of the X →Ã ϩ transition, if small differences in the rotational constants are disregarded.
Similarly, the rotational structure of the 7 1 band ͓see upper trace of Fig. 4͑c͔͒ could be simulated by assuming an intensity borrowing mechanism with the B ϩ state which arises by ionization from the 3a g molecular orbital. The 3a g molecular orbital correlates with a 3d orbital in a semiunited atom basis ͑see Fig. 1͒ and its dominant angular momentum component (ᐉЉ,Љ) is ͑2,0͒. The rotational structure of the 7 1 band could indeed be well reproduced assuming a dominant angular momentum component (ᐉЉ,Љ)ϭ(2,0) with a small admixture of ͑0,0͒ character, as is illustrated by the simulation in the bottom trace of Fig. 4͑c͒ . The band consists of transitions with ⌬Nϭ2 and ⌬K a ϭ0, in line with the dominant electronic angular momentum character (ᐉЉ,Љ)ϭ(2,0) of the orbital from which ionization occurs. This example again nicely illustrates how vibronic coupling imposes a propensity rule on the rotational transition intensities, and how the dominant angular momentum components can be extracted using the orbital approximation.
The differences in the rotational structure of the bands with an even and odd number of torsional quanta are only clearly revealed in the very high resolution spectra in Fig. 4 . Unambiguous rotational assignment would not have been possible at the 0.7 cm Ϫ1 resolution of the overview spectra. This nicely demonstrates the usefulness, and indeed the necessity of high-resolution techniques for recording PFI-ZEKE photoelectron spectra of larger polyatomic molecules.
D. Large amplitude torsional motion
A striking property of the vibrational structure of the X ϩ state, also observed by Pollard et al., 15 is that the torsional term values are insensitive, at the low energies investigated here, to the excitation of the 2 and 3 modes ͑see Tables II  and III͒ . This observation is all the more surprising as the C-C stretching and CH 2 bending modes would have been expected, on the basis of the behavior of the ground electronic state of ethylene 40, 52 to be the modes most strongly coupled to the torsional motion. The apparent independence of the torsional motion from the 2 and 3 modes suggests that the torsional motion is separable, at low excitation energies, from these modes and can be treated in a first, rather coarse approximation by a one-dimensional torsional model, without explicitly considering anharmonic couplings. Such couplings must be considered in molecules such as H 2 O 2 , 53 H 2 S 2 , 54 HSOH, 55 and their isotopomers that exhibit a similar torsional motion and also display chiral equilibrium structures.
The torsional motion is assumed to take place in an effective double-minimum potential of the form
proposed in Refs. 15 and 18. The angle is defined as half the torsional angle ϭ/2 and k, ⑀, and ␣ are adjustable parameters. The potential given by Eq. ͑14͒ corresponds to the sum of a harmonic potential and a Gaussian hump centered at the planar configuration. Its suitability to describe the torsional motion was tested by fitting the potential parameters to a set of 11 ab initio points in the interval 0°р р60°. At each point, the Born-Oppenheimer potential energy was obtained after fully optimizing the D 2 geometry at the CCSD͑T͒/cc-pVTZ level of theory. Although this calculation does not contain the zero-point-energy correction to the effective torsional potential, it is expected to capture the main features of the potential function. The three potential parameters could be refined so that the maximum deviation to the ab initio potential points did not exceed 1 cm Ϫ1 . A similar agreement was also obtained by fitting the potential parameters to a set of ab initio points calculated by solely varying the torsional angle and leaving all other internal coordinates fixed at the values corresponding to the fully optimized equilibrium geometry of the X ϩ state. Given that the maximum deviation between the two sets of potential points amounts to less than 60 cm Ϫ1 in the range Ϫ40°рр40°, it appears that ͑1͒ the torsional coordinate is only weakly coupled to other modes as was already suggested for the 2 and 3 modes by the experimental results ͑see above͒ and ͑2͒ the effective coordinate in the 1D model corresponds in first approximation to the torsional angle at low excitation energies. However, the torsional angle at the potential minimum and the height of the barrier at the planar geometry are not expected to exactly match the values obtained from a fit to experimental data because the zero point energy corrections, even if they are small, are likely to be of the same order of magnitude as the barrier in the Born-Oppenheimer potential. Indeed, the barrier height represents less than 5% of the zero point energy.
The kinetic energy operator T() for the onedimensional torsional motion was derived using the method of Meyer and Günthard, 56 T͑ ͒ϭϪ h
where h represents Planck's constant, c the speed of light, m H the mass of the hydrogen atom, and r Ќ the perpendicular distance of the H-atoms from the C-C-axis. The corresponding Schrödinger equation was solved numerically using the discrete variable representation method of Meyer. 57, 58 The calculations were performed on an equidistant grid of 201 points in the interval Ϫ45°ррϩ45°. At this grid resolution, the first ten torsional eigenvalues were converged to better than 10 Ϫ4 cm Ϫ1 . The potential parameters were fitted to the vibrational term energies 0 ͑see Tables II and III͒. The A ϩ rotational constant for the ground vibronic state obtained from the fit described in Sec. V C was used in Eq. ͑16͒ because its value remains constant for all observed torsional bands within the limit of our experimental accuracy. Using a value for A ϩ corresponding to the ab initio geometry 32 did not change the results of the fit significantly. The 4 5 band was omitted from the fit because it is subject to a vibrational perturbation in both isotopomers ͑see Sec. V A͒. The potential parameters obtained from the fits are listed in Table V and the calculated  torsional term values are compared to the experimental results in Tables II and III . Figures 5͑a͒ and 5͑b͒ show the fitted torsional potentials and the first five torsional eigenfunctions for C 2 H 4 ϩ and C 2 D 4 ϩ , respectively. The origin of the amplitude scale of each wave function was placed at its corresponding eigenvalue. Table V also gives the torsional angle min where the effective potential function is minimal and the value of the potential barrier at the planar geometry H B ϭV(ϭ0°)ϪV( min ). The three lowest eigenvalues were found to react very sensitively to small changes in the barrier height and width. In particular, it was not possible to reproduce the eigenvalue spectrum for C 2 D 4 ϩ with the potential parameters determined for C 2 H 4 ϩ . This result demonstrates the importance of the contribution of the zero-point vibrational motion to the effective 1D potential ͑see also discussion above͒. From Fig. 5 ϩ with a short description of the method employed. Our values for min and H B are in agreement with previous estimates from classical photoelectron spectroscopic investigations. However, the resolution in these studies was two to three orders of magnitude lower than to the one achieved in the present work and did not allow one to observe the tunneling splitting which constitutes a very sensitive probe of the potential in the barrier region. The other experimental estimate for the minimum twisting angle stems from an electron paramagnetic resonance ͑EPR͒ study of the ethylene cation in a SF 6 matrix. 19 A value between 8 and 23 degrees was suggested. The discrepancy between this study and our results might originate from the inaccuracy of the semiempirical calculation or from the influence of the matrix, both of which is reflected in the large error boundary of min given in Ref. 19 . A similar theoretical evaluation of an EPR study at the SDCI level of theory yielded a minimum torsional angle of 28°. 59 The barrier heights calculated ab initio all lie significantly lower than our experimental results and are comparable to the value derived in our own ab initio calculation. It must however be emphasized that these barrier heights cannot be compared directly with the experimental results because none of the ab initio calculations considered the role of the zero point energy vibrational motion. For the same reason, the vibrational term values calculated directly from a (A u ) upper state vibrational symmetry. The good agreement between calculated and measured relative torsional band intensities supports the validity of our 1D model. Moreover, it shows that the intensities of the even torsional bands are well described within the Franck-Condon approximation, and that the intensities of the odd torsional bands can well be reproduced by the model for the intensity borrowing outlined in Sec. V B.
VI. SUMMARY AND CONCLUSIONS
The ground electronic state of the ethylene radical cations C 2 H 4 ϩ and C 2 D 4 ϩ was studied by PFI-ZEKE photoelectron spectroscopy. The improvement in resolution by two to three orders of magnitude compared to previous classical photoelectron spectroscopic studies enabled the complete resolution of the rotational structure and the observation of several hitherto unreported vibronic bands, including several members of the progression in the torsional mode. The new data allowed for a more accurate characterization of the large amplitude motion of the ethylene cation along the torsional coordinate; in particular, the first two torsional states were found to be situated below the barrier maximum at the planar geometry, effectively constituting a tunneling pair with a tunneling splitting of 83.7 cm Ϫ1 in C 2 H 4 ϩ and of 37.1 cm Ϫ1 in C 2 D 4 ϩ . The zero point energy contribution to the effective torsional potential was found to be substantial, and its neglect is likely to account for the underestimation of the barrier height by all previous ab initio studies. The large amplitude torsional motion is accompanied by configuration interaction between the X ϩ and Ã ϩ states which leads to the observation of ''forbidden'' torsional bands that gain intensity by vibronic coupling. Using a Herzberg-Teller-type model for this vibronic interaction and a quantitative model for rotationally resolved photoionization cross sections, it could be demonstrated that vibronic coupling has a profound influence on the rotational structure of the bands. Interpreting the angular momentum transfer accompanying the photoionization as the angular momentum of the orbital hole created upon ionization enabled, via photoionization selection and propensity rules, the identification of the dominant configuration interactions and thus the ionic electronic states to which vibronic coupling occurs.
The conclusions drawn here from the detailed study of the photoionization dynamics of ethylene can be extended to a wider range of molecular systems: The loss of rigidity upon ionization out of a double bond can result in a substantial deviation from planarity and the associated configurational mixing. The configurational mixing leads, in turn, to the observation of ''forbidden'' vibrational bands with characteristic rotational structures. The occurrence of forbidden bands in the photoelectron spectra thus represents a general dynamical pattern in the photoionization of polyatomic molecules with CvC double bonds as has already been recognized by Köppel et al. [21] [22] [23] A complete and consistent picture of the photoionization dynamics in these molecules can, however, only be gained from high-resolution photoelectron spectroscopic studies in which not only the vibrational structure but also the rotational structure is observed.
